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Prophase of meiosis I is characterized by the establishment of associations between the homologous chromosomes (reviewed in Zickler and Kleckner 1998) (Fig. 1) . In most organisms, the homologous partners become tethered by crossovers, the sites of genetic exchange, which are viewed cytologically as chiasmata. These crossovers are formed as the homologous chromosomes are tightly aligned by the synaptonemal complex, a tripartite structure with two outer lateral elements and a connecting central element, that runs along their length (Figs. 1 and 2). The synaptonemal complex disassembles in late prophase, leaving the homologs connected by their chiasmata (Fig. 1) . The homologs remain associated until anaphase I, when they segregate away from each other as new chromosomes comprised of a mixture of maternal and paternal sequence blocks, due to the exchange of genetic material through recombination. Centromeres are fundamental for this segregation, since their specific chromatin structure promotes the assembly of the kinetochore, a protein apparatus able to associate with microtubule fibers and to couple microtubule de-polymerization with chromosomal movement (reviewed in Westermann et al. 2007 ).
In addition to promoting interactions with microtubules, meiotic centromeres have also been observed to form associations with other centromeres in ways that are still not well understood. Observations of centromere associations have been made in a wide range of organisms including mice (Bisig et al. 2012; Brinkley et al. 1986; Qiao et al. 2012; Scherthan et al. 1996) , wheat (Bennett 1979; Corredor et al. 2007) , onion (Church and Moens 1976) , rice (Prieto et al. 2004) , fruit fly (Dernburg et al. 1996; Takeo et al. 2011; Tanneti et al. 2011) , fission yeast (Ding et al. 2004) , budding yeast (Kemp et al. 2004; Tsubouchi and Roeder 2005) , and Arabidopsis (Ronceret et al. 2009 ). These associations fall into two broad categories based on when they occur in the meiotic program. First, early in meiosis, before homologous pairing occurs, centromere clusters or pairs are observed in many organisms. These associations are often between nonhomologous chromosomes. In at least two circumstances, mouse spermatocytes (Bisig et al. 2012; Qiao et al. 2012 ) and maize (Carlton and Cande 2002) , these types of centromere behaviors could not be observed. Second, in yeast, flies, and mouse spermatocytes, associations between homologous centromeres are observed in late prophase (Fig. 1) . It is important to note that these many observations of centromere associations have been made in widely divergent cell types, each with their own peculiar meiotic features, and the observations have been made with a range of methodologies. Given this, though there are clear parallels in the observations, it is not known whether the centromeric associations observed in different organisms are performing identical functions nor is it known if the structures that promote the nonhomologous and homologous centromeric associations are the same. In this review, we will refer to the initial nonhomologous centromere associations as "centromere coupling" and the later associations between the homologous centromeres as "centromere pairing." The term centromere coupling has been used to describe pairwise association of nonhomologous centromeres observed in early meiotic prophase in budding yeast (Tsubouchi and Roeder 2005) , to differentiate it from the close association of homologous centromeres that occurs later when homologous chromosomes synapse, and we will keep that nomenclature.
Early meiotic centromeric associations in plants
Much of what we know about centromere associations in meiosis comes from studies of plants (reviewed in Naranjo and Corredor 2008) . A pioneering study of meiotic chromosome behavior in the onion Allium fistulosum was the first to describe centromeric associations in early meiotic prophase (Church and Moens 1976) . In this study, electron microscopy was used to characterize the distribution of centromeres at different stages of meiosis. In premeiotic S-phase, the authors observed single centromeres and associations that contained two to approximately seven centromeres. Although they could not test the model directly, the fact that in early prophase there were no specific patterns to the associations and the fact that groups of three or more centromeres must contain at least one that is not homologous to the others led to the suggestion that the associations were homology independent. In contrast, at the later stage of pachytene, the centromeres were organized into homologous pairs, which the authors inferred by the observation of the synaptonemal complex passing through the centromere pairs, uninterrupted.
A subsequent study in the wheat Triticum aestivum showed that in early meiosis, well before the formation of any recognizable synaptonemal complex, most of the centromeres were Budding yeast begins meiosis with the centromeres clustered next to the spindle pole body (the Rabl conformation) which is common in many other organisms, while in mouse spermatocytes, the centromeres appear more dispersed with some evidence for limited associations at meiotic entry. In yeast, the centromeres disperse from the Rabl cluster and form nonhomologous couples (CEN coupling) in mice; however, no evidence of coupling has been seen. In most organisms, including yeast and mice, at the pachytene stage, the homologous chromosomes are aligned along their length forming a proteinaceous structure between them called the synaptonemal complex (synapsis ). At the end of prophase I, the synaptonemal complex along the arms disassembles, but persists at the centromeres. In metaphase I, the centromeres of the homologous chromosomes are pulled towards opposite poles, in preparation for chromosome segregation that will take place in anaphase (not shown) arranged in pairs. As in the previous studies with Allium , this study did not demonstrate directly whether the pairs were between homologous or nonhomologous centromeres (Bennett 1979) . Immunofluorescence staining of centromeres during male meiosis in Lilium longiflorum (Suzuki et al. 1997 ) also revealed clustered centromeres during premeiotic interphase. After entry into the leptotene stage, these centromeric associations were dissolved, as indicated by an increase in the number of foci observed when staining with an anti-centromere antibody, reaching 24 in late leptotene (the diploid number of chromosomes in this organism). At zygotene, the number of fluorescent spots then gradually decreased, resulting in 12 fluorescence spots in pachytene, corresponding to the synapsis of homologous pairs.
The first clear demonstration that early meiotic centromere associations are homology independent was accomplished using fluorescence in situ hybridization in wheat cells carrying an additional pair of rye or barley chromosomes (Martinez-Perez et al. 1999) . The wheat genome is polyploid, which makes it possible to substitute or add single chromosome pairs from other related species. Very early in the meiotic program, the authors observed nonhomologous centromere associations that ultimately gave way to homologous associations. At this early stage, centromeres were clustered near one pole as in many other organisms (Rabl configuration); however, in wheat they can be visualized as individual structures rather than one tight cluster of centromeres such as is seen, for example, in yeast nuclei (Hayashi et al. 1998; Jin et al. 1998) . Using centromeric and telomeric probes, they observed that while telomeres were present in a diploid number, centromere foci were present in a haploid number consistent with the formation of nonhomologous couples. While the chromosomes were still in the Rabl configuration, they changed from nonhomologous to homologous pairs (Martinez-Perez et al. 1999) . Additional studies of wheat and barley have reinforced these initial findings showing that centromeres become organized in homology-independent couples in early meiosis then disperse from these pairs concomitant with grouping of the telomeres in what is called the bouquet stage (Martinez-Perez et al. 2001; Phillips et al. 2012 ).
Centromere coupling
Budding yeast centromeres form pairwise associations, mostly between nonhomologous chromosomes, early in meiosis. The synaptonemal complex central element component Zip1 localizes to the coupled centromeres and is necessary for this association to occur, illustrating a connection between the synaptonemal complex functions and centromere interactions (Obeso and Dawson 2010; Tsubouchi and Roeder 2005) . Most of what we know about Zip1 is related to its function as an element of the synaptonemal complex. Given the emerging importance of Zip1 and related synaptonemal complex components in other organisms, in mediating centromere associations (see below), we provide here an overview of synaptonemal complex assembly in budding yeast and the role of Zip1 in that process.
Zip1 is a meiosis-specific protein that it is required for homolog synapsis (Sym et al. 1993 ) and also has a critical function in recombination (Storlazzi et al. 1996) . It is a component of the central element of the synaptonemal complex, zipping together the two lateral elements (Fig. 2) (Dong and Roeder 2000; Sym and Roeder 1995) . In zip1 deletion mutants, the lateral elements of the synaptonemal complex are present, and the homologs are able to align but they never become intimately synapsed.
Zip1 is predicted to form an alpha-helical coiled coil, flanked by globular domains at the N-and C-termini (Fig. 2) . Electron microscopy using domain-specific antiZip1 antibodies revealed that the N-terminus of Zip1 is in the middle of the central element and the C-terminus is embedded in the lateral elements of the complex (Dong and Roeder 2000) . Consistent with this organization, mutant studies have shown that the C-terminus, but not the N-terminus, is Recent data suggest that polymeric SUMO chains (blue ovals) play a role on synaptonemal complex formation by binding to both Zip1 and the chromosome axis protein Red1 (red square). Zip1 binds SUMO non-covalently, and Red1 can either form covalent SUMO conjugates or bind it non-covalently (not represented). SUMO interactions with other synaptonemal complex elements, like Ecm11, probably play an important role in synaptonemal complex formation and dynamics (not represented) necessary for the localization of Zip1 to the lateral elements (Tung and Roeder 1998) .
All these studies suggest a model in which Zip1 localizes to the chromosomes interacting with the lateral elements by its C-terminal domain. The building block of the central element of the synaptonemal complex has been proposed to be pairs of Zip1 dimers, positioned in an anti-parallel orientation, partially overlapping via their N-termini (Fig. 2) and spanning from the lateral element of one homolog to the lateral element of the other (Dong and Roeder 2000) .
In budding yeast, there is a critical relationship between Zip1's role in chromosome synapsis and SUMOylation, a posttranslational modification consisting of the covalent transfer of a small SUMO polypeptide (Smt3 in budding yeast) to a target protein (reviewed in Watts and Hoffmann 2011). Zip1 has a SUMO binding motif on the C-terminal domain (Cheng et al. 2006) . This motif appears important for Zip1 polymerization along the chromosome, as Zip1 protein that is lacking the SUMO binding motif is defective in synaptonemal complex assembly (Cheng et al. 2006 ). Red1, a member of the synaptonemal complex lateral element, becomes conjugated by Smt3 at the time of synaptonemal complex formation (Eichinger and Jentsch 2010) and can also associate noncovalently with Smt3 (Lin et al. 2010) . The central (Zip1) and lateral elements (Red1) of the synaptonemal complex are then probably associating through Smt3. The formation of Red1-Smt3 conjugates seems to depend on Zip3, which is essential for synaptonemal complex assembly and has a SU-MO E3 ligase activity (Cheng et al. 2006; Eichinger and Jentsch 2010) . It was originally proposed that synaptonemal complex assembly may be driven by Zip1 association with Zip3-dependent Red-Smt3 conjugates along meiotic chromosomes (Cheng et al. 2006) ; however, during meiosis, the levels of Red-1-Smt3 conjugates are low and these conjugates seem to trigger the initiation of synaptonemal complex formation rather than participate directly in the assembly of the entire synaptonemal complex (Eichinger and Jentsch 2010) . New models have been proposed in which Red-Smt3 conjugates help to initiate the first Red1-Zip1 associations (Eichinger and Jentsch 2010) , and free Smt3 chains, assembled at the sites of synapsis, promote the extension of the synaptonemal complex through the formation of non-covalent sandwiches of Red1, free polymeric Smt3 chains, and Zip1 (Lin et al. 2010) . Additionally, two meiosis-specific proteins that colocalize with Zip1, Ecm11, and Gmc2 are important for synaptonemal complex formation. Sumoylation of Ecm11 promotes Zip1 assembly into the synaptonemal complex (Humphryes et al. 2013) . In contrast to the situation in budding yeast, in Caenorhabditis elegans, rice, and mice, Zip3 homologs (ZHP-3, HEI10, and RNF212) are not required for synaptonemal complex assembly. This raises the possibility that the role for sumoylation in synaptonemal assembly in budding yeast may not be strictly conserved. Instead, in C. elegans, rice, and mice, the Zip3 homologs localize to the synaptonemal complex and play critical roles in crossover control Jantsch et al. 2004; Reynolds et al. 2013; Wang et al. 2012) .
While the efficient synaptonemal complex assembly requires interactions of multiple proteins, Zip1 also has selfassembly characteristics that might contribute to centromere coupling. Overexpression of Zip1 causes the formation of polycomplexes-Zip1 aggregates that are not associated with chromosomes-indicating an intrinsic ability of Zip1 to polymerize (Sym and Roeder 1995) . These Zip1 aggregates are independent of the lateral element components (Red1 and Hop1).
Zip1 localizes to coupled centromeres and deletion of ZIP1 results in a failure to initiate centromere coupling (Obeso and Dawson 2010; Tsubouchi and Roeder 2005) . Zip1 localizes to the centromeres early in meiotic prophase (Bardhan et al. 2010 ). This localization is dependent on the meiosis-specific cohesin component, Rec8 (Bardhan et al. 2010) , which preferentially loads at centromeres in S-phase (Klein et al. 1999) . Centromere coupling requires this meiosis-specific form of cohesin: there is no preferential centromeric localization of Zip1 and no centromere coupling when REC8 is substituted by its mitotic counterpart MCD1/SCC1 (Bardhan et al. 2010) .
How does Zip1 promote the coupling of centromeres in early meiosis? Three studies suggest that coupling is not achieved through the assembly of a conventional synaptonemal complex structure between centromeres. First, while Zip2, Zip3, and Red1 are all required for synaptonemal complex assembly, none of these are required for centromere coupling (Bardhan et al. 2010; Cheng et al. 2006) . Second, the zip1-S75E mutation (see below) has negligible effects on synaptonemal complex assembly but results in severe defects in centromere coupling (Falk et al. 2010) . Third, while sumoylation of Ecm11 is important for synaptonemal complex Zip1 assembly, neither Ecm11 nor its partner Gmc2 is necessary for centromere coupling (Humphryes et al. 2013) .
Possible role of centromere coupling
The function of early coupling between nonhomologous centromeres remains a mystery, and in some organisms, such as mice (Bisig et al. 2012; Qiao et al. 2012 ) and maize (Carlton and Cande 2002) , systematic evaluations of centromere dynamics have revealed no evidence of centromere coupling. The main goal of meiotic prophase is to bring homologous chromosomes together, so that DNA exchange will occur and the two partners will segregate to opposite poles. Why then does the meiotic process start by associating nonhomologous chromosomes at their centromeres? Several hypotheses have been proposed: One notion is that centromeres repeatedly pair and dissociate from other centromeres in early meiosis, providing an opportunity for assessments of homology along the arms (Tsubouchi and Roeder 2005) . While this remains a possibility, the fact that zip1-S75E mutants (with no centromere coupling) are proficient at synapsis and recombination demonstrates that centromere coupling is not essential for this process (Falk et al. 2010) . Second, centromere coupling could act to sequester homologous centromeres from one another, thereby contributing to the repression of homologous recombination that occurs around centromeres in many organisms (Obeso and Dawson 2010) . Third, studies in wheat led to the suggestion that centromere coupling could counterbalance telomere-lead chromosome reorganization in meiosis (Corredor et al. 2007 ). However, studies in yeast suggest the most dramatic chromosome movements and reorganization occur at stages after centromere coupling has been dissolved (Lee et al. 2012) . Finally, it has also been proposed that centromere coupling may be a by-product of the inherent tendency of Zip1 to self-associate (Henderson and Keeney 2005) . By this model, it remains possible that the preferential deposition of Zip1 at centromeres in early prophase plays a significant (and yet unknown) function, but that the coupling itself is without functional consequences.
Switching from nonhomologous coupling to homologous centromere pairing
Nonhomologous centromeres undergoing coupling must disengage in order for homologous centromere pairing to take place. Studies in budding yeast have shown that the release of centromere coupling is tied to the repair of programmed double strand DNA breaks that are used to initiate meiotic recombination. First, in spo11 mutants, in which no DNA breaks are formed, centromere coupling initiates at its normal time, but then persists through meiotic prophase (Obeso and Dawson 2010) . This coordination of centromere coupling and double strand break repair occurs through modulation of the phosphorylation status of Zip1 by the opposing actions of Mec1 kinase and PP4 phosphatase, which localizes to prophase centromeres (Falk et al. 2010 ). Zip1 possesses a Mec1 consensus phosphorylation site at serine 75 and Mec1-dependent phosphorylation at this position triggers Zip1 hyper-phosphorylation (Falk et al. 2010) . Hyperphosphorylated Zip1 accumulates in PP4 mutants and coupling is abolished. By substituting Zip1 serine 75 with alanine, the centromere coupling defect of the phosphatase mutants could be suppressed. Together these findings led to the model that Mec1 is activated to phosphorylate Zip1 upon double strand break formation, releasing centromeres from their nonhomologous partners and thus facilitating homologous chromosome alignments. Intriguingly, in wild-type strains, prophase cells in which all of the centromeres are unpaired are never observed (Obeso and Dawson 2010) . Thus, there is not a protracted period in which the centromeres linger between the coupled and homologously paired configurations. Instead, it has been suggested that following Mec1 phosphorylation and the release of coupling, centromeric PP4 quickly de-phosphorylates Zip1 permitting the centromere to establish a new pairwise association (Falk et al. 2010) .
Studies in bread wheat have also implicated a locus that is important for the switch from nonhomologous to homologous centromere interactions. The Ph1 locus, which might encompass several genes, ensures correct homologue pairing and recombination. In this organism, while the chromosomes are still in a Rabl configuration, the chromosomes are able to change from nonhomologous to homologous pairs (Martinez-Perez et al. 1999) . Ph1 is necessary for this transition, and in its absence, nonhomologously associated centromeres do not separate at the beginning of meiosis. Rather, the deletion of Ph1 leads to the synapsis of nonhomologous chromosomes and initiation of nonhomologous recombination (Martinez-Perez et al. 1999) .
When nonhomologous centromeres become uncoupled, how are new homologous centromere interactions selected and stabilized? In budding yeast, this switching is probably not driven by centromeric DNA homology. Although double strand DNA breaks are generated near the centromeres, a classic study demonstrated that in budding yeast, it is the arms and not the centromeres that promote the association and pairing of the homologous chromosomes (Clarke and Carbon 1983) . Subsequent studies in wheat (Corredor et al. 2007 ) and mouse spermatocytes (Bisig et al. 2012 ) have led to similar conclusions. Moreover, in budding yeast, even though centromere pairing in late prophase takes place between homologous chromosomes, centromere pairing has been shown to be homology independent (Dawson et al. 1986 ). Therefore, it seems likely that in budding yeast, it is the homologous interactions on the chromosome arms, and subsequent synapsis, that are the driving force for locking-in homologous centromere associations (Fig. 3) .
In a possible contradiction with this hypothesis, it has been shown in budding yeast that synapsis may initiate, not just from the sites of recombination initiation (Chua and Roeder 1998) , but also from the centromeres (Tsubouchi et al. 2008) . Indeed, chromosomes engaged in the early stages of synapsis (zygotene) frequently have abundant Zip1 at their paired centromeres, often extending out from one side or another from the centromeres, consistent with the model that synapsis had initiated at and was moving outward from the paired centromeres (Fig. 3b) . These blocks of centromeric Zip1 can form independently of Zip3, implying that they occur independently of recombination initiation (Agarwal and Roeder 2000; Tsubouchi et al. 2008 ). An alternate explanation for these tracks of centromeric Zip1 on synapsing chromosomes is that the centromeres pose a barrier to polymerization of synaptonemal complex rather than a site of initiation (Henderson and Keeney 2005) , as it is probably the case in human (Brown et al. 2005 ) and mouse spermatocytes (Bisig et al. 2012; Qiao et al. 2012) .
Recent studies have suggested that Zip3 and the proline isomerase, Fpr3, normally act to block the assembly of synaptonemal complex from the centromeres (Macqueen and Roeder 2009) raising the possibility that the Zip1 at paired centromeres may be carried with them as they transition from nonhomologous coupling to homologous pairing. In this capacity, the Zip1 may help promote homologous chromosome synapsis by locking together homologous centromeres that have been brought into juxtaposition by homologous interactions on the arms (Fig. 3) (Macqueen and Roeder 2009 ), but not necessarily through the assembly of canonical synaptonemal complex.
Recent studies in Drosophila females have revealed centromere behaviors that have several parallels to what has been seen in yeast and mice, though further work will be required to determine whether these are truly related phenomena. In Drosophila oocytes, centromeres are clustered in early prophase (see below) and the synaptonemal complex protein C(3)G, which may be the functional homolog of Zip1, accumulates at the clustered centromeres as well as at other sites along the euchromatic chromosome arms (Takeo et al. 2011; Tanneti et al. 2011) . Some of the euchromatic C(3)G foci colocalize with sites of meiotic double strand breaks (Tanneti et al. 2011 ). The analysis of synaptonemal complex from staged oocytes suggests that the synaptonemal complex is formed by assembly at multiple points on the arms rather than processive growth from one or a few initiation sites (Takeo et al. 2011; Tanneti et al. 2011) . Additionally, mutants in the ORD protein, which are defective in centromere clustering and centromeric deposition of C(3)G, are still proficient at later stages of synaptonemal complex assembly along the chromosome arms, although it is not clear that this late forming synaptonemal complex is structurally equivalent to that formed in wild-type flies. These and other observations (Takeo et al. 2011; Tanneti et al. 2011) suggest that synapsis of the chromosome arms may not be dependent on earlier synapsis at the clustered centromeres. Instead, the accumulation of synaptonemal complex proteins at the clustered centromeres may be important for chromosomal organization in the pairing and synapsis process (Takeo et al. 2011; Tanneti et al. 2011) . a At leptotene (early prophase), coupling occurs in a homology-independent fashion, usually between nonhomologous centromeres. Coupling coincides with the beginning of recombination and synaptonemal complex formation. Centromere coupling is unstable due to the interplay of Mec1/PP4 on Zip1 phosphorylation status; phosphorylation of Zip1 blocks coupling. b Synaptonemal complex formation is thought to start at sites of crossover initiation and spread along the chromosomes. SC initiated in this manner might propagate to centromeres, promoting the pairing of homologous centromeres and forming long stretches of synaptonemal complex with the centromeric region at one end. c It has also been proposed that synaptonemal complex formation may start from the centromeres, which are rich in the central element component Zip1. d In the pachytene stage, full chromosome synapsis has been achieved. The pairing between the homologous centromeres is likely stabilized by the synaptonemal complex. Zip1 has a fundamental role in both bridging synaptonemal complex lateral elements and pairing the centromeres; however, genetic data show that there are differences in the way Zip1 handles those processes (indicated by dark green and black, respectively, see text). At the end of prophase I, the synaptonemal complex disassembles; however, Zip1 is retained at the centromeres, where it mediates centromere pairing If interactions between homologous chromosome arms drive the final partner choice for centromere pairing, how then are non-exchange chromosome partners in budding yeast able to pair their centromeres? It has been proposed that they may pair by an "exclusion mechanism." By this model, as centromeres become paired with their homologous partners, they become eliminated from the pool of "available centromeres" with which non-exchange chromosomes may pair. Centromeres from a final non-exchange pair will end up pairing since they are, by exclusion, the only partners available to one another (Kemp et al. 2004 ). This model is consistent with the suggestion that centromeres go through cycles of pairing and unpairing in prophase (Falk et al. 2010; Tsubouchi and Roeder 2005) . The fact that the non-exchange partners fail to assemble a continuous synaptonemal complex (Gladstone et al. 2009; Loidl et al. 1994; Newnham et al. 2010 ), but instead mainly pairing at their centromeres, supports the idea that synaptonemal complex assembly is not efficiently triggered by centromere pairing alone.
Centromere pairing
The correct bipolar attachment of chromosomes to the metaphase spindle, in which one chromosome will be pulled to each pole at anaphase I, depends upon the generation of tension at the centromeres (Nicklas and Koch 1969) . When the two partners of a homologous pair that is tethered by chiasmata are tugged towards opposite poles of the spindle through their microtubule attachments, tension at the kinetochores is created which stabilizes the microtubule attachments (Fig. 1, metaphase) . Conversely, the microtubule-kinetochore attachments of mono-oriented homologs are unstable, and mono-oriented chromosomes trigger the spindle checkpoint, which delays the transition of the cell out of metaphase until all the chromosomes are properly bi-oriented (Li and Nicklas 1995) . In mitotic cells, the microtubule attachments of bioriented chromosomes are stabilized in part because the kinetochores are pulled away from a cloud of Aurora kinase, which is localized between the kinetochores and acts to release nearby kinetochore-microtubule attachments (Liu et al. 2009 ). Recent studies in fission yeast suggest that a similar process may be used in meiosis, where a reservoir of Aurora kinase (Ark1) between the homologous kinetochores is thought to release the microtubule attachments of monooriented chromosomes. The pulling of the bi-oriented kinetochores that are connected by chiasmata, away from each other and out of this cloud of Aurora kinase, is thought to allow the microtubule attachments to remain stable (Sakuno et al. 2011; reviewed in Watanabe 2012) . It is critical that some linkage persists, after the dissolution of the synaptonemal complex, to hold the homologous partners together as they become bioriented. The formation of chiasmata between homologous partners typically provides this physical association. However, observations in diverse organisms point to the existence of other types of linkages that that may serve a similar function as chiasmata by linking the partner chromosomes (reviewed in Wolf 1994) .
Some organisms, such as Drosophila melanogaster males and Bombyx mori (silk moth) females, undergo meiosis in the absence of exchange for all chromosomes. In Bombyx females, the homologs are joined together until metaphase by the retention of a modified synaptonemal complex (Rasmussen 1977) . In male D. melanogaster, meiosis occurs in the absence of both recombination and a recognizable synaptonemal complex. Here, the mechanism of homolog association depends on the maintenance of somatic pairing between the homologs. Tagging the chromosomes with GFPlac repressor protein has shown complex centromeric association patterns and suggested that, in early spermatocyte development, homologous interactions are restricted to euchromatic regions of the autosomes, while heterochromatic regions interact nonspecifically (Vazquez et al. 2002) .
As early as 1936, using genetic studies, it was discovered that in Drosophila females the X chromosomes often failed to form crossovers; however, they still exhibited high rates of correct segregation (Sturtevant and Beadle 1936) . Similarly, the small chromosome 4 of the fruit fly was found to never undergo recombination, but to still segregate correctly in the vast majority of meiosis (Carpenter 1973; Grell 1964 ). Elegant genetic studies of the behavior of chromosomes with or without blocks of pericentric heterochromatin led to the proposal that pairing between heterochromatic regions could promote the proper segregation of non-exchange partners in meiosis I (Hawley et al. 1992) . This model was confirmed by direct fluorescence in situ hybridization, which revealed that the heterochromatin regions of homologous non-exchange partners remained associated after the chromosomes desynapsed in Drosophila females (Dernburg et al. 1996) . Together these studies led the authors to propose that multiple segregation mechanisms are in place in the Drosophila oocyte. While chiasmata could provide the most stable type of physical linkage, associations between blocks of pericentric heterochromatin could provide an alternate mechanism to link and co-orient non-exchange homologs (Dernburg et al. 1996; Hawley et al. 1992) . Indeed, a different study on flies using artificial achiasmatic mini-chromosomes demonstrated the role of the heterochromatin for the correct segregation of the artificial pairs (Karpen et al. 1996) .
In fission yeast, it has been observed, using both genetic and direct microscopy methods, that the segregation of the chromosomes when recombination is artificially abolished (using rec12 deletion mutants, the S. pombe homolog of SPO11 ) is better than expected by random segregation (Davis and Smith 2003) . Subsequent experiments showed that in rec12 mutants, while the arms of the homologs are not able to establish stable associations, their centromeres are able to pair (Ding et al. 2004) .
Studies in budding yeast also demonstrated that artificial (Dawson et al. 1986; Mann and Davis 1986) or natural (Guacci and Kaback 1991) partner chromosomes that did not recombine were able to segregate from one another. As in some situations in Drosophila (Hawley et al. 1992) , this segregation was independent of their extent of homology (Ross et al. 1996) and was due to the existence of centromeric associations (Kemp et al. 2004 ). Whereas in wild-type Drosophila females, achiasmate partners are common, making the need for a second non-chiasma-based segregation system obvious; this is not true in budding yeast, which experiences high levels of crossing-over and in which achiasmate partners are rare (Kaback et al. 1992 ). This fact, and the discovery that non-exchange segregation in budding yeast involved a process-centromere pairing-that might be experienced by both exchange and non-exchange partners, suggested that the process was not exclusive to the achiasmatic chromosomes. Instead, centromere pairing was proposed to be a general mechanism that could provide higher fidelity segregation for all of the chromosomes .
The mechanism of centromere pairing
In budding yeast, Zip1 was shown to be essential for centromere pairing through the study of achiasmatic homologous chromosomes that do not experience crossovers in meiosis. Zip1 was found to localize to the paired centromeres of these achiasmatic chromosomes at both the pachytene and diplotene stages, and if ZIP1 was deleted, the achiasmatic chromosomes were no longer able to pair at their centromeres and segregated nearly randomly (Gladstone et al. 2009; Newnham et al. 2010) . Zip1 was retained at the centromeres of exchange chromosomes after synaptonemal complex disassembly, and deletions of Zip1 appeared to disrupt both the pairing and disjunction of exchange chromosomes (Gladstone et al. 2009; Newnham et al. 2010; Tsubouchi et al. 2008) . The impact of ZIP1 deletions on the segregation of exchange chromosomes was less dramatic than for non-exchange partners, but this is presumably because the exchange chromosomes could still rely on their crossovers to promote bi-orientation on the meiosis I spindle. While inactivation of either ZIP1 or the spindle checkpoint gene, MAD2 , resulted in modest nondisjunction of exchange chromosomes, the double mutants exhibited random meiosis I segregation. This supports the model that centromere pairing and the spindle checkpoint both act to promote bi-orientation, and in the absence of either mechanism, the other becomes essential (Gladstone et al. 2009; Stewart and Dawson 2004) .
The fact that Zip1 is required for both centromere coupling, and later in prophase for centromere pairing, suggests that the two phenomena may be occurring through the same mechanism. However, while the synaptonemal complex genes ZIP2, ZIP3, ZIP4, and SPO16 are not required for coupling, deletion of these genes greatly reduces the efficiency of centromere pairing between non-exchange chromosome pairs (Gladstone et al. 2009; Newnham et al. 2010 ). This may mean that centromere pairing has a requirement for these genes. Alternatively, mutations in these genes may affect centromere paring indirectly. For example, these mutations result in the accumulation of Zip1 in aberrant structures in prophase (when centromere pairing is happening but after coupling has occurred), which may deplete the levels of Zip1 available for centromere pairing. Clearly, major questions remain to be answered regarding how coupling and pairing are mediated, whether they operate by the same mechanism and what proteins beyond Zip1 are participating.
What has become clear is that the mechanism of centromere pairing in diverse organisms exhibits some conserved characteristics. As in yeast, centromeres have also been observed to remain associated after synaptonemal complex disassembly in mouse spermatocytes (Fig. 4) and Drosophila oocytes (Bisig et al. 2012; Qiao et al. 2012; Takeo et al. 2011) . In both cases, the homolog of Zip1 persists at the centromeres after synaptonemal complex disassembly and is essential for centromere associations. In mouse spermatocytes, all the elements of the mouse synaptonemal complex tested, including the synaptonemal complex central element SYCP1, the functional homolog of Zip1, and the lateral element component SYCP3, are retained at the centromeres until diplotene. Structured illumination microscopy showed that the synaptonemal complex at the centromere was composed of transverse filaments connecting two lateral elements (Qiao et al. 2012) . However, at the time when microtubules begin to assemble around the chromosomes (pro-metaphase), only SYCP3 is maintained at the paired centromeres, and remains there until anaphase I (Bisig et al. 2012) . Although SYCP1 is not detectable between the paired centromeres when microtubule attachments take place, it is essential for pairing, since centromere pairing is abolished in SYCP1 knockout mice (Bisig et al. 2012; Qiao et al. 2012 ). Thus, it seems that while SYCP1 is necessary for establishing the centromere pairing, it is the presence of SYCP3 at the centromeres that maintains their association beyond diplotene. In Drosophila oocytes, the centromeres associate in one or a few clusters rather than individual pairs. This clustering requires the Zip1 homolog C(3)G, at least one other synaptonemal complex component (Cona), cohesins (SMC1), and ORD, a meiosis-specific protein required for cohesion. Of these C(3)G, Cona and SMC1 were tested and shown to persist at the centromeres after synaptonemal complex disassembly from the chromosome arms (Takeo et al. 2011) .
Therefore, at least in budding yeast, Drosophila, and mice, the removal of synaptonemal complex components from the centromeres must be mechanistically different from its removal at the arms. The process of synaptonemal complex disassembly is still not well understood. It is driven, at least in part, by the phosphorylation of central element proteins, by the polo-like kinase homologs, Cdc5 in yeast, and PLK1 in mice (Jordan et al. 2012; Sourirajan and Lichten 2008; Sun and Handel 2008) . Whereas the PLK1 target remains to be identified, both SYCP1 and SYCP3 have potential PLK1 phosphorylation sites. Indeed, SYCP1 and SYCP3 can be efficiently phosphorylated in vitro by extracts from isolated pachytene cells, but not from extracts obtained from cells that have been driven into metaphase I by okadaic acid treatment (Tarsounas et al. 1999) .
The processes of synaptonemal complex and cohesion removal from the chromosome arms, and retention at the centromeres, have strong similarities. In mouse spermatocyte cultures, driven out of prophase by treatment with okadaic acid, both SYCP1 and the cohesins REC8 and RAD21L were removed from the chromosome arms but retained at the centromeres (Ishiguro et al. 2011) . Interestingly, in these experiments, addition of a PLK1 inhibitor induced the retention of both the cohesins and SYCP1 at the chromosome arms. Similarly, in budding yeast, Cdc5 removes a subpopulation of cohesin from chromosomes before the onset of anaphase I (Brar et al. 2006; Yu and Koshland 2005) . Given the similarities of cohesin and synaptonemal complex removal, it has been proposed that shugoshin and PP2A phosphatase (SGO2/ PP2A) may protect centromere pairing by antagonizing the action of PLK1 on synaptonemal complex components, similar to their role in protecting cohesion at centromeres by antagonizing cohesin phosphorylation (Bisig et al. 2012 ).
Tethering of partner chromosomes by synaptonemal complex at non-centromeric locations
Late centromere pairing seems to be mediated by a persistence of the synaptonemal complex, or a modified form of synaptonemal complex, at the centromeres. Similarly, in several organisms, synaptonemal complex components at other locations link partner chromosomes when chiasmata are not present. In marsupials, X and Y chromosomes do not share homologous regions, and during prophase, there is no continuous synaptonemal complex between them. The XY chromosome pair is therefore achiasmatic. The meiotic segregation of the XY pair has been studied in spermatocytes of the marsupial Thylamys elegans. In this animal, the pair is joined until metaphase by the persistence of a structure rich in SYCP3 and SYCP1 (Page et al. 2006) . Studies in another mammal that undergoes achiasmatic segregation of the sex chromosomes, the Mongolian gerbil Meriones unguiculatus, have also implicated the central element of the synaptonemal complex in the formation of a structure that associates the sex chromosomes until their segregation (de la Fuente et al. 2007) . Other examples of the synaptonemal complex tethering partner chromosomes have been described in Wolf (1994) .
Function of centromere pairing
While the role of centromere coupling is still not clear, the later pairing of homologous centromeres appears to play a direct role in chromosome segregation in budding yeast. The conserved features of the process suggest it may serve the same function in other organisms where centromere pairing has been observed. In all of these systems, including yeast, a complication in studying centromere pairing is that the synaptonemal complex proteins that are critical for pairing are essential for other critical meiotic processes as well. Thus, the mutations in these genes that have been used to study centromere pairing typically ablate multiple processes, making it difficult to ascertain which phenotypes are due to failures in centromere pairing and which are due to other defective processes.
Current models favor the idea that centromere pairing promotes correct chromosome segregation either by facilitating a kinetochore geometry that promotes the bipolar attachment of the microtubules, by providing a tether that will transmit tension when kinetochores become bioriented, or by facilitating the connecting of chromatin near the centromeres to tether them together. The first notion Fig. 4 Centromere pairing in mouse. Both exchange and non-exchange chromosomes undergo centromere pairing in mouse spermatocytes. a Chromosome spreads of mouse spermatocytes in late meiotic prophase I stained with antibodies against the central element of the synaptonemal complex SYCP1 and the lateral element SYCP3. The spread contains several desynapsed chromosome pairs in which the SYCP1 has largely disassembled, but with persisting blocks of SYCP1 at the centromeres (one end of the telocentric chromosome) and also at the chiasmata. b Large images of an exchange and a non-exchange chromosome pair from the spread shown in a, with schematic diagrams was originally suggested by Östergren more than 50 years ago (Östergren 1951) . He reasoned that, in the absence of an interaction between the centromeres, the two chromosomes of a homologous pair should just as often be directed to the same, as to opposite poles (Fig. 5) . This is because without some connection the partner centromeres could have rotational freedom, thus having a high probability of pointing towards the same pole at the time of microtubule attachment. In contrast, centromere pairing might position the active faces of the homologous kinetochores away from one another, thereby increasing the chances of a correct bipolar attachment (Fig. 5) . This would lessen the load on the spindle checkpoint, which in meiosis, sometimes offers only brief delays to correct potential errors (Cheslock et al. 2005; LeMaire-Adkins et al. 1997; Shonn et al. 2000) . Consistent with this model, in budding yeast, disruption of either ZIP1 (centromere pairing) or MAD2 (the spindle checkpoint) alone resulted in modest levels of mis-segregation, but disrupting both at the same time resulted in random chromosome segregation (Gladstone et al. 2009 ).
Recent observations in Drosophila have led to the intriguing model that interactions at the centromeres might allow the formation of chromatin threads between the centromere regions of homologous chromosomes (Hughes et al. 2009 ). There are multiple examples in the literature that suggest the existence of thread-like or even undetectable tethers between chromosomes (LaFountain et al. 2002; Chan et al. 2007; Wang et al. 2008) . Imaging of the metaphase movements of achiasmate partners in Drosophila oocytes revealed that the partner chromosomes could separate then reassociate and exhibit apparently coordinated movements during the biorientation process (Hughes et al. 2009 ). These separated partners were frequently connected by thin heterochromatic DNA threads. These threads could provide tension between the chromosomes facilitating their proper segregation. How these connections are formed and whether centromere associations in prophase are part of the process are exciting areas of future research.
In mice, the frequency of apparent non-exchange chromosomes (those that by imaging approaches appear to be free of chiasmata) is about 4 % (Anderson et al. 1999; Bisig et al. 2012; Jagiello and Fang 1979; Speed 1977) . Cytological studies in mouse spermatocytes suggest that these achiasmate partners are tethered at their centromeres in diplotene (Bisig et al. 2012; Qiao et al. 2012) (Fig. 4) . Qiao et al. noted that centromeres could be connected by two types of bridges: those positive for centromere protein-staining CREST antibodies in late diplotene and stretched SYCP3 structures between centromeres of chromosomes in diakinesis/metaphase I nuclei. These SYCP3 bridges arose independently of chiasmata and are reminiscent of the Drosophila heterochromatin bridges, which may be a sign that such bridges promote disjunction in a range of organisms. Could it be that a role for centromere pairing in pachytene is to promote the formation of chromatin connections that in turn help with the biorientation process in pro-metaphase?
In humans, aneuploidy caused by meiotic chromosome segregation errors is a leading cause of infertility, birth defects, and mental retardation. For some chromosomes, failure to recombine in meiosis I is correlated with their nondisjunction. Remarkably, recent studies have shown that while smaller chromosomes (21 and 22) fail to experience crossovers in about 5 % of meioses (Cheng et al. 2009; Fledel-Alon et al. 2009; Oliver et al. 2008) , they are estimated to nondisjoin at lower levels (<1 %) (Fledel-Alon et al. 2009; Hassold et al. 1993; Oliver et al. 2008; Tease et al. 2002) . This has led to the proposal that humans have non-exchangebased systems that promote the disjunction of achiasmate partners as well (Cheng et al. 2009; Fledel-Alon et al. 2009 ). By this model, non-disjunction in humans might occur by dual failures: first a failure to generate a crossover and second the failure of a back-up system(s) that promotes proper segregation of achiasmate partners (Fledel-Alon et al. 2009; Lamb Fig. 5 Model of centromere pairing and rotational freedom. a Representation of bipolar kinetochore geometry of a homologous pair of chromosomes. Such geometry would promote the attachment of the kinetochores to microtubules coming from opposite poles (bipolar attachment). b In absence of a link between the centromeres, the kinetochores may be able to rotate (represented by a twisted arrow). Kinetochores oriented to the same pole are represented. Such a configuration may increase the chances of attachment of both kinetochores to microtubules coming from the same spindle pole body (monopolar attachments) and consequent chromosome non-disjunction (not represented). c Centromere pairing, by providing a link between the centromeres (black squares), will favor the formation of bipolar attachments by eliminating or reducing rotational freedom (red cross over twisted arrow) and inducing a bipolar kinetochore geometry. The centromere pairing may also provide or promote connections between the centromeres that provide tension when the centromeres become attached to microtubules from opposite poles, thereby stabilizing correct bipolar attachments. The presence of a crossover near the centromere might serve the same purposes (not represented) et al. 1997) . The finding that centromere pairing is conserved among many species and in mouse spermatocytes can mediate the pairing on non-exchange partners raises the possibility that in humans, it could be important for preventing nondisjunction of certain error-prone chromosome pairs. We are in the early days of understanding the mechanisms and roles of centromere pairing, and future work will be required to address this question.
Conclusion
The utilization of synaptonemal complex elements, including the central element, to link and promote the segregation of achiasmatic chromosomes seems to be a recurrent theme in biology. Future experiments will be needed to confirm whether this mechanism is also a general meiotic feature that promotes the segregation fidelity of exchange chromosomes, as recent work in yeast, flies, and mice has begun to suggest. Even more so, considerable mystery surrounds the early, homology-independent centromeric associations that have been observed in several organisms. Are these associations simply by-products of the self-assembly properties of synaptonemal complex components or do they carry out an undiscovered meiotic role? Only additional experiments will tell us.
